The egg yolk serves as a significant source of maternally derived steroids that are available to the embryo during early development. Altered deposition of yolk steroids can change the developmental trajectory of the embryo and have long lasting or permanent consequences. Alligators from contaminated environments have shown significant reproductive and developmental dysfunction, and it is unclear if altered deposition of yolk steroids could be a contributing factor. Alligator eggs were collected from Lake Woodruff (a reference lake), Lake Apopka (a site of known agricultural contamination), and the Merritt Island National Wildlife Refuge (MINWR) (home of the Kennedy Space Center and a site of heavy metal contamination). The yolks of eggs at embryonic stages 12 (prior to sex determination) and 24 (post-sex determination) were evaluated for concentrations of progesterone, 17-beta estradiol, and testosterone. Yolk concentrations of progesterone were significantly lower at embryonic stage 12 in eggs from Lake Apopka and MINWR when compared to eggs from Lake Woodruff. Yolk concentrations of 17-beta estradiol were significantly lower at embryonic stage 12 in eggs from MINWR when compared to the other two sites. Reductions in yolk 17-beta estradiol concentrations from embryonic stage 12 to 24 were significantly attenuated in eggs from MINWR versus that of Lakes Woodruff and Apopka. This study suggests that altered deposition of yolk steroids, and possibly differential utilization by the embryo, could be a contributory mechanism in the reproductive and developmental abnormalities seen in alligators from contaminated locales.
INTRODUCTION
Maternal transmission of developmental resources is a critical factor in offspring survival and fitness. Hormones, in particular, are important regulators of embryonic development, and prenatal hormone exposure can significantly affect nearly every aspect of early life [1] . The inability of the embryo to produce and regulate its own hormone milieu early in its development necessitates reliance on maternal contributions [2, 3] . While placental amniotes can receive dynamic maternal steroid signaling throughout development, oviparous (egg laying) amniotes rely on maternally derived hormones deposited in the egg prior to oviposition. Although there is evidence that sex steroids can be produced in the chorioallantoic membrane (CAM) of terrestrial eggs [4] , maternally derived yolk steroids are believed to be the primary hormone reservoir directing embryonic development prior to gonadogenesis [5] . Many embryonic cells have receptors for sex steroids well before these steroids are synthesized by the embryo, suggesting that early embryos are capable of responding to hormone signaling [6, 7] . Moreover, concentrations of yolk steroids are often considerably higher than levels found in plasma [8] , suggesting that yolk steroids continue to play important regulatory roles even after the initiation of gonadal steroidogenesis. Altered deposition of maternal hormones could therefore interfere with the optimal developmental trajectory of the embryo, possibly leading to altered growth, reproductive anomalies, and mortality [9, 10] .
Although our knowledge regarding the etiology of developmental dysfunction in reptiles is limited, there is clear evidence that embryos produced in contaminated environments show altered development and elevated mortality compared with animals from less contaminated environments [11] [12] [13] . Milnes et al. [14] showed that 1-yrold alligators collected as eggs from a contaminated environment had higher mortality and differential patterns of gene expression than animals from a reference lake. Recently, it has been shown that the neonatal and juvenile ovary of female alligators from a contaminated environment exhibited altered steroid hormone receptor mRNA profiles as well as altered mRNA profiles for important growth factors of the transforming growth factor beta family [15] . A large literature exists demonstrating that the developing ovary is sensitive to steroid, especially estrogenic, signaling during development [9] . Because these embryonic abnormalities occurred even when the eggs were removed from the contaminated environment and grown elsewhere, it is likely that the dysfunctions were maternally conferred to the embryo prior to oviposition and were not the result of direct environmental exposure [14] . Field studies show significant body burdens of organochlorine pollutants (OCPs) in contaminant-exposed alligator populations, and yolk OCP concentrations are well within the ranges considered toxic for other oviparous species [16] [17] [18] . Experimental OCP exposure to reproductive female alligators results in elevated concentrations of yolk OCPs and a concomitant decrease in embryo survival [19] , suggesting that contaminants play an important role in the negative health effects observed in alligator embryos [20] .
Assessments of morphological variation in hatchling alligators from contaminated and control environments have led researchers to believe that environmental, and not genetic, factors are the principle factors governing morphological variation in these populations [21] . Environmental factors influence the maternal contribution to the embryonic environment and cause altered patterns of morphological variation. Differences in hatchling condition and mortality in alligators from contaminated environments supports the theory of a differential preovulatory maternal investment in alligators inhabiting polluted environments [14, 21] .
Elf [22] proposed several explanations for altered concentrations of yolk steroids in American alligators, including maternal physiology, season, and stress. We propose that the maternal environment and chemical pollutant landscape (particularly endocrine disrupting contaminants) could also serve to modulate maternally deposited yolk steroids. Alterations in yolk steroid concentrations could provide a mechanism for altered embryonic performance seen in alligators from contaminated locales.
MATERIALS AND METHODS

Study Sites
Lake Apopka. A major chemical spill in 1980, combined with decades of agricultural runoff, has made Lake Apopka one of Florida's most polluted lakes. In the years following the spill, juvenile recruitment of alligator populations plummeted due to embryo and juvenile mortality [23] . Although egg viability from Lake Apopka has increased in recent years, it is still considerably lower than that of reference lakes [24] . Concentrations of OCP residues in Lake Apopka alligator eggs have not decreased appreciably [25] , and embryo mortality remains high [14] .
Merritt Island National Wildlife Refuge (MINWR). MINWR is located on the east coast of Florida and is home to the Kennedy Space Center, which has been the primary launch site for the United States space program since the 1960s. MINWR includes fresh, brackish, and saltwater bodies and is exposed to the extensive use of hazardous chemicals, including rocket fuels, heavy metals, and polychlorinated biphenyls (PCBs), in the operation of launch activities [26] . The health of alligator populations residing at MINWR has not been well studied, although embryo survival is generally higher than that of Apopka (Lowers and Guillette, unpublished results).
Lake Woodruff National Wildlife Refuge. This is a reference location for this study; it does not receive significant agricultural runoff, and alligators from this population exhibit consistently low contaminant concentrations of OCPs. However, it does have heavy metal and PCB concentrations similar to those seen from Lake Apopka. Eggs from this aquatic ecosystem exhibit high hatching success rates relative to alligators from contaminated environments [11, 16] .
Egg Collection and Sample Preparation
All the fieldwork was conducted under permits from the Florida Fish and Wildlife Conservation Commission (permit AMPO8X-01) and the U.S. Fish and Wildlife Service (permits 41550-08-002 and 2006SUP55). Eggs from American alligator (Alligator mississippiensis) nests were collected from the three study sites during the summer of 2008 and were transported to the University of Florida (UF) for incubation at a female-inducing temperature of 308C. Routine rotation of the trays minimized regional temperature differences within the incubators. Within 24 h of arrival at UF, eggs were candled to assess viability and 2-3 eggs from each clutch were opened to determine the embryonic stage according to Ferguson [27] . Once the eggs reached embryonic stage 12, the yolks were removed, vortexed, and weighed aliquots (approximately 0.5 g yolk/tube) were placed into microcentrifuge tubes and stored at À808C. Yolks were similarly collected when clutches reached embryonic stage 24. From Lake Woodruff National Wildlife Refuge, 6 clutches with 2-3 eggs/clutch (17 eggs total) were used at stage 12, and 3 eggs/clutch (18 eggs total) were used at stage 24. From Lake Apopka, 7 clutches with 2-3 eggs/clutch (20 eggs total) were used at stage 12, and 2-3 eggs/clutch (19 eggs total) were used at stage 24. From MINWR, 4 clutches with 2-3 eggs/clutch (11 eggs total) were used at stage 12, and 3 clutches with 3 eggs/clutch (9 eggs total) were used at stage 24. For MINWR, one clutch used for yolk assessments at stage 12 was not available at stage 24; however, only eggs from the same clutches were used to analyze the change in hormone concentrations occurring between stage 12 and 24.
Hormone Assays
Frozen aliquots of yolk (approximately 0.5 g) were homogenized with 1 ml of deionized water and 500 ll was removed, extracted twice with 5 ml diethyl ether, dried under nitrogen gas, and reconstituted in phosphate-buffered saline with 0.1% gelatin (PBSG [5.38 g/L NaH 2 PO 4 :H2O, 16.35 g/L Na 2 HPO 4 : 7H 2 O, 9.0 g/L NaCl, 1.0 g/L gelatin, 1.0 g/L NaN 3 ]; 0.1 M, pH 7.0). Prior to sample analyses, a plasma pool was serially diluted and assayed to ensure parallel results with the standard curve for each hormone. All the standards, samples, and interassay variance controls for each assay were run in duplicate. Unknown concentrations were calculated from standard curves plotted as the percent bound versus the log-10 concentration. Interassay variance tubes were prepared from four pools of alligator yolk.
A solid-phase, 96-well plate (Protein A Flash Plate Plus; Perkin Elmer, Boston, MA) radioimmunoassay (RIA) was used to determine hormone concentrations of progesterone (P4), 17-beta estradiol (E2), and testosterone (T). Antibody specific to each hormone (catalog numbers 20-PR20, 20-ER06, and 20-TR05; Fitzgerald Industries, Concord, MA) was diluted in PBSG to concentrations of 1:35 000 (E2) and 1:15 000 (T and P4). For each plate, all the wells except for the nonspecific binding wells were coated with 100 ll of diluted antibody, incubated for 2 h at room temperature, and rinsed twice with PBSG. Standards were prepared at concentrations of 15.6, 31.25, 62.5, 125, 250, 500, 1000, 2000, 4000, 8000, and 16 000 pg/ml. Each well received 100 ll of standard, control, or sample in PBSG. The appropriate 3 H-steroid (Amersham Biosciences, Piscataway, NJ) was then added at approximately 12 000 cpm per 100 ll, and plates were incubated for 3 h at room temperature. For this assay, no separation of bound and free hormone is necessary because only the bound radiolabled steroid is capable of exciting the scintillant coating the bottom of the well. Plates were analyzed using a Microbeta 1450 Trilux counter (Perkin Elmer) in the 3 H channel with an estimated counting efficiency of 60%. Interassay variance for P4, E2, and T averaged 5.6%, 11.1%, and 8.4%, respectively.
Statistical Analysis
We used linear mixed effects models to test for differences in the initial concentrations of the steroid hormones P4, E2, and T in egg yolks from alligators living at Lake Apopka, MINWR, and Lake Woodruff, and to test for differences in rates of hormone utilization among these sites. Specifically, in each analysis we treated collection site and collection time as categorical fixed effects and clutch and clutch nested within time as random effects. Treating clutches as random effects in this way allowed us to control for autocorrelations among individual eggs associated with differences in maternal investments among females within sites and times. For each analysis, the data were natural log transformed to meet statistical assumptions. All the statistical analyses were carried out in the R statistical programming environment using package nlme for the mixed effects models and the package plotrix for generating graphical output [28] [29] [30] .
RESULTS
For P4, there was a significant main effect of time (F 2,47 ¼ 5.22, P ¼ 0.009) and site (F 1,8 ¼ 73.02, P , 0.001) and a marginally nonsignificant interaction between time and site (F 2,47 ¼ 2.86, P ¼ 0.067) (Fig. 1) . Specifically, eggs from Lake Woodruff had higher levels of P4 early in development than eggs from the other two sites (P ¼ 0.001) and utilized P4 at a rate that approached significance (P ¼ 0.067) versus the other two sites (Fig. 1) .
For E2, there was a significant main effect of time (F 1,8 ¼ 124.54, P , 0.001) and a significant interaction between site and time (F 2,65 ¼ 4.1035, P ¼ 0.02) (Fig. 2) . Specifically, initial concentrations of E2 were lower at MINWR than at the other two sites (P ¼ 0.006). In addition to having lower initial concentrations of E2, there was reduced utilization at the MINWR site (P ¼ 0.014) such that despite having lower concentrations of E2 initially, MINWR embryos had higher levels remaining later in development.
ENVIRONMENT AND YOLK STEROIDS IN ALLIGATORS
For T, there was a significant main effect of time in which there were lower concentrations of T on average in the late sampling than in the early sampling time (F 1,8 ¼ 8.15, P ¼ 0.02) (Fig. 3) . However, there was not a significant difference among sites (F 2,67 ¼ 2.03, P ¼ 0.14) nor a significant interaction between sites and time (F 2,67 ¼ 0.23, P ¼ 0.80).
DISCUSSION
Because the endocrine system develops relatively late in embryonic life, it is generally accepted that hormones of maternal origin direct much of early development in oviparous species [1, 31] . Although there is emerging evidence that the CAM of terrestrial eggs can produce steroid hormones such as P4, it is unclear if CAM steroid synthesis or biotransformation takes place during early embryogenesis [4] . At oviposition, the egg yolk serves as a considerable reserve of maternally derived steroids that is available to direct early development [32] [33] [34] [35] [36] .
Conley et al. [5] were the first to evaluate the presence of steroid hormones in alligator eggs, which showed a marked decrease in concentration throughout embryonic development, especially following the period of gonadal differentiation (embryonic stages 21-23). A decrease in yolk steroid concentration through embryonic development is a common occurrence and has been shown to occur in several species [37, 38] . Yolk E2 concentrations were significantly lower at stage 12 in MINWR eggs when compared to the other two sites. Egg yolks from both Woodruff and Apopka displayed expected and marked decreases in E2 from embryonic stages 12 to 24, while yolk from MINWR eggs did not show similar decreases in E2 concentration. Studies have shown that several contaminants found in the blood or eggs of alligators have the ability to disrupt estrogen signaling by binding with estrogen receptors and displacing its endogenous ligand, 17-beta estradiol [39, 40] . Alligators from contaminated environments display differential patterns of expression for key steroidogenic and regulatory genes [41] . Additionally, studies examining the effects of leutinizing hormone and follicle-stimulating hormone challenges in alligators from contaminated environments suggest that the gonads of these animals have been modified in ovo, permanently altering normal steroidogenic responses [42] . Since early exposure to sex steroids can alter many aspects of gonadal development, changes in the availability of yolk steroids could provide a useful mechanism for the occurrence of developmental dysfunction.
Exposure of developing and neonatal vertebrates to altered steroid hormone concentrations can have numerous effects. Hatchling American alligators, from Lake Apopka, with altered hormone concentrations show concomitant alterations in activin/inhibin bA subunits, which are involved in normal follicle assembly [43] . This suggest that the observed endocrine differences could likely affect subsequent ovarian development, as it does in mammals. Neonatal mice exposed to elevated E2 are less resistant to disease and have altered expression of sex steroid receptors in the brain and other organs [44] . Altered exposure to hormones can result in improper hypothalamic programming and a reduced reproductive success not only in adulthood but transgenerational as well [45, 46] .
While the majority of studies evaluating yolk steroids have analyzed E2 and T [47] [48] [49] [50] [51] , P4 is also an important steroid hormone that can serve as a precursor for much of steroidogenesis. Progesterone is also present in appreciably greater concentrations than both E2 and T and has been shown to alter developmental competence in mammals [52] and to play important roles in reproduction and development [53, 54] . Egg yolks from both Lake Apopka and MINWR showed significantly lower concentrations of P4 at stage 12 than egg yolks from Lake Woodruff. Because stage 12 is a relatively early developmental stage with minimal embryonic growth, it is likely the eggs from lake Apopka and MINWR had lower P4 concentrations at oviposition versus differential P4 utilization by the embryo. Given the role of P4 as a precursor for steroidogenesis and its ability to alter development in other species, it is possible that altered deposition of P4 could contribute to the developmental dysfunction seen in Lake Apopka alligators and could be a consequence of exposure to a contaminated environment. These data might also suggest that ovarian P4 synthesis is altered in adult females from these environments, as the yolk-derived steroids are presumably directly related to ovarian follicle steroidogenesis. This possible alteration in follicular synthesis needs to be examined in the future.
Although the mechanisms underlying altered yolk steroid concentrations are poorly understood, an increasing number of studies report that many environmental chemicals have the ability to alter normal steroidogenic signaling mechanisms. Nitrate, for example, which is significantly elevated in areas of agricultural runoff such as Lake Apopka, could alter steroidogenesis in several ways. Vertebrate mitochondria can produce nitric oxide (NO) from nitrite, a degradation product of nitrate [55] [56] [57] , or from nitrate directly [58, 59] . Nitric oxide is a ubiquitous and versatile signaling molecule involved in many physiologic functions, including steroidogenesis, and has been shown to be directly related to gonadal nitrate/nitrite concentration [60] . Nitric oxide has been shown to interfere with P 450 enzymes, many of which are involved in steroidogenesis. The addition of a NO donor to bovine granulosa cells was recently shown to increase production of E2 and suppress production of P4 [61] . Similarly, the yolks from alligator eggs collected from Lake Apopka in this study also showed depressed concentrations of P4, indicating a similar mechanism could be responsible.
In addition to elevated nitrate, Lake Apopka has also been shown to have elevated concentrations of various OCPs. OCPs have been shown to directly inhibit gonadal steroidogenesis by reducing levels of steroidogenic acute regulatory protein, which is considered a critical rate-limiting step in steroidogenesis [62] . Exposure of mouse MA-10 Leydig tumor cells to lindane, one of the oldest OCPs still in use worldwide, reduced the cellular production of progesterone, indicating another possible mechanism for reduced concentrations of P4 observed in this study [63] .
Although MINWR does not have a history of OCP contamination, the launching of the space shuttle and other activities at MINWR have led to concerns of elevated heavy metals, including aluminum, iron, and lead (Guillette and Lowers, unpublished results). Female tilapia (Oreochromis niloticus) exposed to aluminum have showed a decreased plasma production of 17a-hydroxyprogesterone (17a-OHP), a steroid hormone derived from progesterone [64] . Reductions in 17a-OHP were thought to be due to abnormal phosphorylation by the activation of cyclic-AMP-dependent protein kinases.
In addition to heavy metals, MINWR has elevated concentrations of polybrominated flame retardant chemicals (PBDEs) (Guillette and Lowers, unpublished results). Although studies of the effects of PBDEs on steroid hormones are just beginning to emerge, PBDE congeners have been shown to possess both estrogenic and antiestrogenic activity [65, 66] , possibly through interactions with nuclear steroid receptors, including estrogen receptors alpha and beta as has recently been shown in hamster ovary cells [67] .
Although space shuttle launch activities and the historic use of various hazardous materials have led to contamination concerns at MINWR [26] , the ecology of MINWR is also unique. Unlike most alligator habitats that consist primarily of fresh water, MINWR is comprised of fresh, brackish, and seawater environments, and tracking studies suggest that adult alligators move freely between these habitats (Lowers and Guillette, unpublished results). This environment creates unique diet opportunities that could significantly alter the availability of both micro-and macronutrients. Diet has been shown to affect plasma hormone concentrations in green anole lizards, with females fed higher quality diets showing greater concentrations of plasma T, although hormone concentrations were not reflected in the yolk [68] . In American alligators, fatty acid and lipid compositions of the yolk have been positively correlated with embryo survival [69] . Although the diet of the alligators at MINWR is likely different than that of Lakes Woodruff and Apopka, the diets of the alligators in the latter two locales should be very similar, suggesting that another unifying environmental parameter could be causing the lower yolk concentrations of P4 at Lake Apopka and MINWR. Since these are sites of known contamination, it could be possible that environmental contaminants are contributing to the lower concentrations of yolk P4 in animals from these sites.
It is possible that the contaminant mixtures at MINWR have resulted in a diminished capacity of the embryos to utilize E2 during development. Sampling studies of adult alligators suggest greater numbers of males than females at MINWR (Lowers and Guillette, unpublished results). Although it is unclear if this skewed sex ratio is due to sampling bias or some other factor, improper exposure to sex steroids in early development has the potential to alter the sex of the embryo [9, 70] . In many reptiles, including alligators, sex is determined by the incubation temperature of the egg and not by the segregation pattern of the sex chromosomes. In crocodilians, females are produced at lower incubation temperatures, males at intermediate temperatures, and females again at high temperatures. Exposure to natural or synthetic steroids, as well as some contaminants, can override temperature in directing sexual differentiation [70, 71] . Animals with temperaturedependent sex determination could be especially sensitive to concentrations of yolk steroids due to the lability of the sexual differentiation process. Yolk is a significant source of steroid substrate and has the potential to influence the sex assignment of the embryo [31] .
It is clear that alligators from contaminated locales have shown considerable reproductive and developmental dysfunction, but the mechanisms for these dysfunctions remain obscure. This study has reported that yolk steroid concentrations and patterns of steroid utilization differ in eggs from ENVIRONMENT AND YOLK STEROIDS IN ALLIGATORS contaminated or reference environments. While altered yolk steroids are likely not the sole causative factors driving the developmental and reproductive dysfunctions observed in alligators residing in contaminated environments, they could serve as a contributory mechanism, and more work is necessary to understand the consequences of altered yolk steroid concentrations.
